and Elinder, 2000) are similarly effective at homologous strating an IC 50 of 5.0 Ϯ 1.0 M and a Hill coefficient ‫1ف‬ (mean Ϯ SEM for 6 cells). Further, the rate and magnisites in KCNKØ (28 and 115). Finally, these conformational changes in KCNKØ are seen to be coupled to tude of inhibition of ⌬KCNKØ by zinc were voltage independent from 0 to Ϫ100 mV (15 M zinc, n ϭ 6 cells) regulation from the cytoplasm.
The direct correspondence of KCNKØ activity and while increasing external potassium concentration from 0 to 100 mM (by isotonic replacement for sodium) dechanges in the outer pore suggests the presence of a gate that reflects (and may mediate) opening and closcreased equilibrium inhibition by 15 M zinc from 59 Ϯ 3 to 29% Ϯ 4% and slowed block kinetics from on ϭ ing. A comparable mechanism may be operative across the 2-P-domain channel family as the yeast channel 50 Ϯ 7 to 85 Ϯ 10 s (mean Ϯ SEM for 6 cells, approximated by a single exponential, Figure 1E ). TOK1 and two mammalian variants, KCNK2 and KCNK3 (of the central nervous system and heart), show similar sensitivity to external permeant ions ( Table 1 ). Conversely, zinc decreased the frequency of the long-closed state C long (mean duration was ‫-9ف‬fold slower when KCNKØ was pretreated with 50 nM PMA, a protein kinase C (PKC) activator that ‫6ف‬ s) from 18% Ϯ 2% to 7% Ϯ 1% of closures (filtered at 50 Hz) and led to emergence of a new nonconducting increased current density ‫-01ف‬fold ( Figure 1C) . Supporting the idea that zinc does not block via a simple bimostate lasting ‫05ف‬ s, C Zn ( Figure 2D , arrow, Table 1 ). As PMA treatment of full-length channels both slowed lecular interaction with an available site, the apparent on-rate ( on ) was not linearly proportional to zinc concenzinc block kinetics and increased occupancy of O burst , we sought to further evidence for this relationship. Indeed, tration but increased only 2-fold with a 1000-fold elevation, from 1 to 1000 M zinc ( Figure 1D ). A possible rates of zinc inhibition correlated inversely with time spent in the open burst state: longer openings resulted in less explanation for these findings was a rate-limiting change in channel conformation that exposed (or created) a zinc efficient blockade ( Figure 2E ). Channels displaying five different mean open burst times were studied: KCNKØ, blocking site on the external face of the channel.
⌬KCNKØ, another deletion variant with residues 619-1001 removed (⌬⌬KCNKØ), a ⌬KCNKØ point mutant A Useful Deletion Mutant, ⌬KCNKØ (S112Y), and KCNKØ activated with PMA. A strict relaWe previously described a mutant (⌬KCNKØ) that lacks tionship was observed between single channel O burst the regulatory carboxy-terminal residues 299-1001 of duration and the apparent macroscopic forward rate KCNKØ and is, therefore, unresponsive to kinase regulaconstants for zinc blockade, on ( Figure 2E , Pearson tors but shows wild-type conductance and gating beproduct-moment correlation coefficient 0.99 significant havior; single ⌬KCNKØ channels appear to visit the at the 0.01 level by 2-tailed analysis). Conversely, on same states as full-length KCNKØ but with largely invarishowed no correlation with the duration of C long (Figure ant frequency and duration (Zilberberg et al., 2000) . 2F). These findings supported the conclusion that zinc Here, the stable attributes of ⌬KCNKØ channels faciliblocked after the channel exited the open burst state. tated studies of zinc block at both the macroscopic and single channel levels. Thus, zinc block of KCNKØ varied with activity ( Figure 1C ) while ⌬KCNKØ activity and zinc Histidine 29 Is Required for Zinc Block KCNKØ residues required for zinc blockade were sought inhibition were stable over time and unaltered by PMA treatment (Zilberberg et al., 2000) . Otherwise, zinc as follows. Involvement of a histidine was implicated because inhibition was almost eliminated by lowering blocked ⌬KCNKØ like the full-length channel, demon- external pH to 5.5 or when cells were pretreated with dicted to lie on the external face of the channel in the first extracellular loop ( Figure 3A ). diethyl pyrocarbonate (0.1% DEPC), a reagent that covalently modifies the imidazole ring of histidine (not These attributes of KCNKØ inhibition by zinc were reminiscent of findings with the VGK channel Shaker shown). Thereafter, individual point mutation of H26, H94, H165 (and C73 and C103) was found to have no (after mutation to yield cysteine in the outer pore) that supported a model for C-type inactivation involving reeffect on inhibition whereas altering H29 to asparagine (H29N) or serine (H29S) produced channels markedly arrangement of residues in the external pore mouth based on consideration of state-dependent cadmium insensitive to zinc (Figures 3A and 3B ). This site is pre- (Table 2) . al., 1992) and may result from changes in potassium With NMDG in the pipette, a small increase in frequency occupancy of the outer pore vestibule. We therefore of the shortest intraburst closure (C short3 ) yielded an mutated the homologous site after the first P loop in ‫%32ف‬ decrease in mean open time (Table 2) . Thus, the ⌬KCNKØ from serine to tyrosine (S112Y) and results effects of external permeant ion on C long and C-type were as expected. The mutant channel showed no gating were similar. change in either its selectivity for potassium over sodium II. External TEA (as assessed by whole-cell reversal potentials at varying As VGK channel C-type inactivation is slowed when the external potassium concentrations) or instantaneous pore is blocked by tetraethylammonium (TEA) (Grissmer current development with voltage steps (not shown). In and Cahalan, 1989; Choi et al., 1991), this agent was contrast, single S112Y channels showed an ‫-5.4ف‬fold next employed and found to have similar effects on C long . increase in C long (with an ‫-5ف‬fold decrease in O burst ) while KCNKØ channels were inhibited by external TEA with intraburst open and closed state dwell times were unaffected ( Figures 5B-5D , Table 2 ). Moreover, as expected, low affinity: 95 mM TEA blocked 45% Ϯ 5% of wholefiltered at 50 Hz (mean Ϯ SEM, n ϭ 3-5 channels). O burst was determined as described in Table 1 Figure 6B ) while having no effect on E28 channels (Figure 6B, right) . At specifically yielded a channel closed by disulfide bond formation and opened by reductive lysis of the bond. the single channel level, the current increase was seen to result from an increase in P o due to increased open Initially, currents carried by the double mutant ⌬KCNKØ E28C, T115C (Figure 7B ), analogous to Shaker burst duration and decreased C long dwell time ( Figure  6D and Table 2 ). These effects of MTSES were also E418C, G452C, were quite small. Upon bath application of the reducing agent dithiothreitol (DTT, 5 mM), current observed with full-length KCNKØ E28C channels which showed a 3.0 Ϯ 0.3-fold increase in macroscopic current magnitude increased 4.0 Ϯ 0.4-fold ( Figure 7B , period 1) even after the agent was washed away (mean Ϯ SEM, (mean Ϯ SEM, n ϭ 8 cells) whereas E28 channels were unchanged by treatment with the reagent. n ϭ 7; Figure 7B , period 2). Subsequent application of the oxidizing agent 5,5-dithio-bis(2-nitrobenzoic acid) As expected, the E28C mutation which decreased O burst and increased C long also speeded the time course (DTNB, 0.5 mM) decreased current to its initial level ( Figure 7B , period 3) and this change was also resistant for zinc inhibition compared to E28 channels ( on ϭ 3.5 Ϯ Kinetics parameters were determined as in Table 1 . Four to six single channels were used for the long closure analyses. P burst , probability the channel is in the burst mode. Condition indicates solution in the pipette. a n.b., in the presence of TEA, C short1 and C short2 dwell times are contaminated by TEA blocking events of similar duration. this idea, small initial currents passed by KCNKØ E28C, clusion that, as with Shaker E418 and G452, and KcsA E51 and T85, KCNKØ E28 and T115 are in close proxim-T115C channels were little affected by application of the oxidizing agent DTNB ( Figure 7C, period 2) , but after ity ( Figure 7A ). DTT augmentation ( Figure 7C, period 3) , DTNB could suppress the current ( Figure 7C, period 4) .
Relationship to Regulated Activity KCNKØ activity is regulated by phosphorylation of the These effects of DTT and DTNB were specific for KCNKØ channels bearing both E28C and T115C mutaintracellular carboxyl terminus to alter the frequency and duration of C long ; thus, the nonselective, kinase inhibitor tions; thus, no effect of either agent was observed with wild-type KCNKØ channels ( Figure 7D, inset) , nor chanstaurosporine drives single KCNKØ channels into C long (Zilberberg et al., 2000) . As block of KCNKØ by TEA nels with only the E28C or the T115C mutation ( Figure  7D ). Moreover, coexpression of E28C subunits and ( Figure 5 ) and MTSES modification of KCNKØ E28C (Figure 6 ) could change the attributes of C long from the exter-T115C subunits also yielded currents that were insensitive to DTT and DTNB, indicating that both cysteines nal face of the channel, we sought to determine if internal and external modifiers of channel function were indehad to flank the same P loop to crosslink ( Figure 7D ). Finally, T115C was unique in its collaboration with E28C pendent or related. Just as external TEA suppressed natural excursions into C long ( Figures 5A and 5D , Table as A112C, P113C, T114C, and F116C did not mimic these effects ( Figure 7D ). These results support the con-2), so it antagonized staurosporine-induced entry into the state ( Figure 8A ). Oocytes expressing wild-type conformation had already been achieved ( Figure 8B ). Thus, suppression of C long by the external blocker inter-KCNKØ were first partially deactivated by exposure to staurosporine (2 M) for 3 min; then, in the continued fered with intracellular downregulation while intracellular activation preempted upregulation by the external presence of staurosporine, the channels were blocked by 95 mM external TEA for 100 s; only after TEA was modifying agent. These observations supported the idea that conformational changes in the external pore rewashed away did staurosporine-mediated current deactivation continue. By this protocol, KCNKØ current after sulted from cytoplasmic regulatory events. exposure to TEA for 100 s was 94% Ϯ 5% of pretreatment levels (mean Ϯ SEM, n ϭ 7) while it was 55% Ϯ Discussion 6% after a 100 s wash in the absence of the blocker (mean Ϯ SEM, n ϭ 10). Similarly, activation of full-length This work supports the conclusion that KCNKØ moves between open and closed states in direct correspon-KCNKØ E28C channels by PMA (Table 2) Previously, we demonstrated that KCNKØ channel activand Shaker allows site-specific crosslinking to produce channels whose operation is determined by reducing ity directly reflects the frequency and duration of visits to C long (Zilberberg et al., 2000) . Here, we report that and oxidizing agents. That changes in the external KCNKØ pore correspond directly to channel state sugexternal zinc blocks the channel after it leaves the open burst state to enter C long and that C long is limited in duragests a gate resides in the outer KCNKØ pore that is similar to the C-type inactivation gate in VGK channels. tion by bath potassium, suppressed by the external pore blocker TEA, sensitive to mutation, and modified by charge-altering covalent modifications near the extraState-Dependent Block in the External Pore Zinc blocks KCNKØ channels via H29 after the channels cellular mouth of the pore. These functional attributes are shared by C-type inactivation of Shaker channels.
exit the O burst state (Figures 1-3, Table 1 ). While observations of C Zn were too rare to determine the conformation Moreover, mutation of homologous positions in KCNKØ that increased O burst duration, including mutation ( Figure  2E ), raised external potassium (Figure 4) , addition of external TEA (Figure 5) , and chemical modification (Figure 6) , all decreased the duration and frequency of C long and, simultaneously, slowed the rate of zinc blockade ( Figures 1E, 2E, 6E , and Results). KCNKØ channels are expected to form as homodimers, first, because channel subunits in this superfamily each carry two P-domains (Ketchum et al., 1995; Goldstein et al., 1996) and, second, because this stoichiometry is supported by study of proton blockade of a mammalian homolog, Kcnk3 (Lopes et al., 2001 ). We expect, therefore, that KCNKØ channels will carry two H29 residues, one on each subunit. Furthermore, we suspect that each channel has two zinc binding sites that are noninteracting and that zinc occupancy of one site is sufficient to inhibit. The rationale for these conjectures is as follows. As zinc levels increase, mean dwell time in C Zn increases (Table  1) 
